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Abstract 

We compute masses, trilinear self-couplings and decay widths into weak bosons of the scalar 
composite bosons in the case of the Minimal and Ultraminimal technicolor models. The masses, 
computed via the Bethe-Salpeter equation, turn out to be light and the trilinear couplings smaller 
than the one that would be expected when compared to a fundamental Standard Model scalar 
boson with the same mass. The decay widths into electroweak bosons of the Ultraminimal model 
scalars bosons are much smaller than the one of the Minimal model. 

PACS numbers: 12.60.Nz, 12.60.Rc 
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I. INTRODUCTION 



The understanding of the gauge electroweak symmetry breaking mechanism is one of the 
most important problems in particle physics at present. One of the explanations of this 
mechanism is based on new strong interactions usually named technicolor (TC). The early 



technicolor models [l] suffered from problems like flavor changing neutral currents (FCNC) 
and contribution to the electroweak corrections not compatible with the experimental data, 
as can be seen in the reviews of Ref.j^J. However the TC dynamics may be quite different 
from the known strong interaction theory, i.e. QCD, this fact has led to the walking TC 
proposal 3|, which are theories where the incompatibility with the experimental data has 
been solved, making the new strong interaction almost conformal and changing appreciably 
its dynamical behavior. We can obtain an almost conformal TC theory, when the fermions 
are in the fundamental representation, introducing a large number of TC fermions (uf), 
leading to an almost zero function and flat asymptotic coupling constant. The cost of such 
procedure may be a large S parameter |4| incompatible with the high precision electroweak 
measurements. 

n n 

Recently a Minimal (MWT) |5j and an Ultraminimal(UMT) [6] TC models were proposed 
where the presence of TC fermions in other representations than the fundamental one led 
to viable models without conflict with the known value for the measured S parameter. An 
effective Lagrangian analysis indicates that such models also imply in a light scalar Higgs 
boson {5-8]. This possibility was investigated and confirmed by us through the use of an 
effective potential for composite operators [9] and through a calculation involving the Bethe- 



Salpeter equation (BSE) for the scalar state 10j. The BSE approach to compute the scalar 



masses is a straightforward one, and our pur pos e in this paper is complement the studies 

in the case of the specific Minimal and 



of dynamical symmetry breaking of Refs.jsl, lol [ 
Ultraminimal TC models. Moreover in Ref 
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15[ we also estimated the trilinear scalar 



self-coupling which also could be measured in the case of light Higgs bosons [17| . Our main 
result is a table where we indicate the scalar masses, trilinear self-couplings and decay widths 
into electroweak bosons for these models which can be confronted with the experiment in 
the case that a TC composite scalar boson is found at LHC. 

This paper is organized as follows: In Sec. II we specify the fermionic content and 
we obtain the fermionic Schwinger- Dyson equations, or gap equation, for the Minimal and 



Ultraminimal TC models. In Section III we compute for these models masses, trilinear self- 
couplings and decay widths into weak bosons of the scalar composite bosons. In Sec. IV we 
draw our conclusions. 



II. FERMIONIC SCHWINGER-DYSON EQUATIONS FOR THE MWT AND 
UMT MODELS 



The Minimal TC model is based on a SU(2) gauge group with two adjoint fermions 

Ql = ( | , U a R , D R , a =1,2,3, (1) 




L 

where a is the £77(2) adjoint color index and the left-handed fields correspond to three 
(£77(2) l) weak doublets. The Ultraminimal TC model is based on a two colors group with 
two fundamental Dirac flavors SU(2) L x U(l)y charged described by [6] 




T L =\ _ I , U R , D R , (2) 

and also two adjoint Weyl fermions indicated by \* with / = 1,2, where these fermions are 
singlets under SU(2) L x U(1) Y - 

The near conformal behavior for these models can be observed looking at the zero of the 
two-loop (3(g 2 ) function, which is given by 



where 



and 



A, = (4tt) 2 6 = yC 2 (G) - ^T(R)n F (R) , (4) 
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where C 2 (i?)7 = T R T R , C-z(R)d{R) = T(R)d(G), d(R) is the dimension of the representation 
R and G indicates the adjoint representation. It is interesting to compare the leading term 
of the (3 function for the different models (indicated respectively by b mi and b um , while the 
one of a simple walking TC theory is denoted by b w ). In the case of an SU(2) gauge group 
with 8 Dirac fermions we have b w = 2/lQjt 2 . In the Minimal walking model we obtain the 



same coefficient with only 2 fermions (b w = b m j)\ The main difference among these models 
appears when we compute the S parameter whose perturbative expression (in the massless 
limit) is 



The data requires the value of the S parameter to be less than about 0.3. According to the 
"naive" perturbative estimate of Eq.(j6]) this requirement is indeed met for MWT (and also 
for UMT). However, early models have fermions only in the fundamental representation of 
SU(2) or SU(3). Then one needs quite a large rip to make the theory walking, and therefore 
the perturbative estimate of S contradicts with data. 

The main difficulty in TC lies in the small knowledge that we have about the chiral 
symmetry breaking pattern of such strongly interacting theories. In the models that we will 
discuss here most of the information about the chiral symmetry breaking comes from the use 
of effective theories j^, 6] and the effective potential generated by them jg]. Another way to 
unravel the symmetry breaking pattern in TC theories is through the effective potential for 
composite operators as computed recently in Ref.js]. It is also possible to obtain information 
on the spectrum of TC theories simply looking at the gap equations and their possible 
solutions, this is the simplest approach and the point of view to be followed here using some 



of the results of Ref. 



lOj . Of course, all these attempts involve a reasonable uncertainty 



typical of non-perturbative theories, but the full set of results may be able to corner the 
main characteristics of the broken TC theory, i.e. masses and couplings. 

In order to discuss masses and couplings, as performed in Ref. , we need to know the 
solution of the fermionic Schwinger- Dyson equations, or gap equation, for the Minimal and 
Ultraminimal TC models. The two basic parameters that define the gap equation are: The f3 
function coefficients appearing in the coupling constant and the Casimir operators resulting 
from the fermion-gauge boson vertex. The gap equation, for fermions in the representation 
R, can be written as 



E(fc) 



3C 2 (R) 
16tt 2 



g 2 (k 2 

k 2 



p 2 dp 2 Y>{p 2 

p2 _|_ m 2 



+ 



k- 



dp 2 g 2 (p 2 )Y,(p 2 ) 
p 2 + m 2 



(7) 



where the coupling constant g 2 (p 2 ) behaves as 



and where m ~ Atc is the dynamical mass scale that is assumed to be equal to the TC scale. 
The factor b in Eq.flSJ), is the one that comes out from the full behavior of the /3 function in 
Eqs.OMH]) (i.e., including all fermionic representations). Eq.(7) may not be the full equation 
that reflects all the possible SDE solutions. There are possible contributions that may modify 
this equation. For instance, there may be strong non-perturbative effects at short distances, 
generated by extended technicolor or other new interactions, that may produce effective 
four fermion interactions leading to a behavior that we call "extreme walking" , which is the 
one that reduces the anomalous dimension of the operator to 1, and which has been 
termed as a Nambu-Jona-Lasinio (NJL) limit. Unfortunately it is nowdays known that the 
gap equation cannot explain even the QCD's chiral symmetry breaking (Ref.[23| discuss the 
importance of confinement for this symmetry breaking)! For example, if we consider the most 
recent QCD lattice simulations leading to infrared finite gluon propagators, we certainly do 
not obtain chiral symmetry breaking from the gap equation at all! Taking this fact (finite 
gauge boson propagators) into account when we consider TC theories, we observe that the 



gauge boson mass scale erase the strength necessary for the chiral symmetry breaking H[ , 
and only in the NJL limit we can obtain chiral symmetry breaking in the gap equation for 
fermions in the fundamental representation. It is also interesting to notice that dynamical 



gauge boson masses also imply the existence of a non-trivial fixed point (12J, what may be in 
agreement at some extent with the expected behavior of a "walking" theory, but all these 
points are missing in all TC gap equation calculations. Therefore our approach will be a 
phenomenological one, and, in the sequence, when we discuss any solution for the fermionic 
SDE we mean all possible solutions of Eq.(7) with the addition of all possible corrections 
due to some unknown dynamics. A quite general solution for Eq. (f7]) is 
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where 7(a) = 7 cos (an) and 
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c is the quadratic Casimir operator given by 

c=^[C 2 (R 1 ) + C 2 (R 2 )-C 2 (R 3 )] , (10) 

where C 2 (Ri), are the Casimir operators for fermions in the representations R\ and R 2 that 
form a composite boson in the representation R 3 . If Ri = R 2 = R and R3 is the singlet 



state c is simply reduced to C^-R). The only restriction on this solution is 7 > 1/2 [21 ]. 
This solution can be understood as one ansatz that maps all possible behavior of the gap 
equation as we vary a, since the standard operator product expansion (OPE) behavior for 
S(p 2 ) is obtained when a — >■ 1, whereas the "extreme walking" TC solution is obtained when 
a — > 0. As explained at length in Refs. (9), 0] most of the calculations can be performed with 
the expression of Eq.Q and afterward we consider the "extreme walking" (or NJL) limit 
a = 0. Note that this is the only possible solution that is naturally able to reproduce the top 
quark massj^oj]. In the Minimal TC model we have fermions in the adjoint representation and 
R\ — R2 — G in Eq. dlOp . while in the Ultraminimal TC model the factor c, and consequently 
7, have to change in order to consider the Casimir operators of the Dirac fermions in the 
fundamental representation (cp) and the Weyl fermions in the adjoint representation (cq), 
with condensation occurring in the TC singlet channel. 



III. THE SCALAR BOSONS MASSES, TRILINEAR COUPLINGS AND DECAY 
WIDTHS IN THE MWT AND UMT MODELS 



In Ref. 1(| we obtained the scalar boson mass in the case of an "extreme walking" TC 



theory through a calculation based on the BSE, which is given by (see Eq.(26) of Ref. 10| ) 



\ Ntc^f 



where 

' 1 k/ 2 (m)(2 7 - 1) 



A 
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and v ~ 246GeV is the Standard Model vacuum expectation value (vev) and we are con- 
sidering a SU(Ntc) group. This equation depends only on the electroweak group vev and 
on the group theoretical factors and number of fermion flavors. Note that Eq.(lll|) indicates 
that the scalar masses are lowered in quasi- conformal gauge theories as a consequence of the 
BSE normalization condition as discussed in Ref. jlo| . 

It is interesting to verify if Extended Technicolor (ETC) can change our predictions for 
the scalar masses. ETC does introduce some chiral symmetry breaking in the TC sector 
(current technifermion masses ttitc 7^ 0), which may affect strongly the techni-pion spectra 
(through Dashen's relation m^c < ^tc^tc >= m n-^n) wnen we take into account specific 
details of the complete model. However the scalar masses in dynamical symmetry breaking 



models are more related to the dynamical masses than to the current techni-fermion mass, 
i.e. 

M H « 2m™ A . 

This relation of the scalar mass with the dynamical one (apart from the factor A) goes 
back to the work of Nambu and Jona-Lasinio and was shown to work in QCD by Delbourgo 

n 

and Scadron[13(. The factor A takes into account the normalization of the Bethe-Salpeter 



equation that was neglected until recently 



lOj ■ We can therefore assume that m T d ^ n is the full 



dynamical mass self-generated by TC with the addition of a current mass generated through 
ETC, i.e. the Schwinger-Dyson equation (SDE) for the dynamical mass can be written as 

£'(fc 2 ) = £ TC (fc 2 ) + 5£(A; 2 ) , (12) 

where 5H(k 2 ) denotes the ETC contribution to the TC fermion mass, whose SDE can be 
approximated by 

AWn x _ 3c ETC a ETC [ a ztc p^dp 2 E tc Cp 2 ) 

5S(0) ~^A|^/ P 2 + ^ TC (p 2 ) ■ (13) 
We have cut the integral at the asymptotic limit A ETC . Assuming the extreme walking 
behavior we can estimate the behavior of 811(0), which will result in 

5E(0) « \ a BTcCETc m w ^-a BTG c ETC m , (14) 

J- TC! ^^TC J-V I 



TC^TC ~ 



where m oc T> TC (p 2 — > 0). Also assuming the most attractive channel hypothesis (a TC c. 
7r/3) and considering that a ETC in general is a small number we see that Eq.( fT4"j) leads to a 
small correction for the scalar mass. As one example we could refer to a model proposed by 
Appelquist and Schrock[14], where the largest ETC contribution comes from a third stage of 
symmetry breaking at one scale ( y A ETC = A 3 = 10 TeV) and with a coupling a ETC = a 3 = 0.4. 
In this particular case the correction to the scalar mass is quite small. We investigated other 
models and in none of them the corrections are larger than 10%. Therefore we can neglect 
ETC corrections to the scalar mass when compared to the other uncertainties involved in 
this problem. 

The scalar composite couplin g to the ordinary quarks is determined through Ward iden- 
tities as discussed in Ref. 
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lXa " * ~ l ~2Mw~ ' (15) 



FIG. 1. Top quark (fermionic internal lines) contribution to the trilinear composite (3H) Higgs 
boson coupling. The gray blobs are proportional to the effective ttH coupling. 



where gw and Mw are, respectively, the weak coupling constant and gauge boson mass. A 



formal demonstration how such coupling is found can be seen in the papers of Ref . [16j . 

With the help of Eq. ( JTB1) we can compute the trilinear self-coupling which is giving by the 
diagram of Fig.([T]). This diagram is dominated by the heaviest ordinary fermion (the top 
quark) and no contribution comes out from the TC quarks, as discussed in Ref.j^], where 
the following coupling was obtained 



\(o) „ 9 9w m t ( m t x " 
3H ~ 32vr 2 &0 2 (4 7 -l) VM V 
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where mt is the top quark mass. 



The decay width into electroweak gauge bosons was calculated in the second paper of 
Ref.fiol] and, in the SU(2) linear sigma model approximation, is given by 

Th^ww ~ 7^2 , (17) 



4F n 



;he electroweak group vev, the group 



where the relation m 3 /F^ can be written in terms of 
theoretical factors and the number of fermion flavors 

All the above expressions were obtained assuming the most attractive channel hypothesis 
(eg 2 /Ait w 1) and that the technifermions are in an unique representation. They cannot be 
applied straightforwardly for the Ultraminimal TC model, because in this case we have two 
scalar composite bosons, that may appear as mixed states formed by fermions in the funda- 
mental and adjoint representations. For instance, the Ultraminimal gap equation has two 
contributions, one with a Casimir operator for fermions in the fundamental representation 
and another with a different Casimir operator for fermions in the adjoint representation, 
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while it is the same (3 function that governs the running of the coupling in the two contribu- 
tions. It is opportune to remember that the gap equation lead to different chiral symmetry 
breaking scales when the fermions are in different representations, this has been observed, for 



instance, in QCD with quarks in the adjoint representation [23], where the chiral transition 
may be slightly different from the confinement transition, which coincides with the chiral 
one for fermions in the fundamental representation. We expect that the masses and com- 
posite scalar wave functions will show a mixing but with scales quite close to the TC scale 
(Atc)- The expression for the decay width into electroweak bosons must also be modified 
because the decay is proportional only to the scalar wave function formed by TC fermions 
in the fundamental representation, once the technifermions in the adjoint representation are 
singlets under the electroweak group. The scalar bosons will mix among themselves and 
quite probably with scalars formed by technigluons. The determination of the mixing angle 
in a problem with two composite (or more) strongly interacting bosons is a quite difficult 
problem and it will not be considered here. 

We shall make use of a trick based on the behavior of the Bethe-Salpeter scalar wave 
function to estimate the magnitude of masses and decay widths of the Ultraminimal scalar 
bosons. The Bethe-Salpeter wave function for the scalar composite boson in the limit that 
the internal momentum g M — > can be expressed by 

Xip) = S(p)T^S(p) , (18) 

where S(p) is the fermion propagator. In this limit this equation is known to have the same 
solution as the fermionic self-energy, is dependent on the (3 function coefficients and the 
Casimir operators in the anomalous dimension, and it is possible to verify that the + wave 
functions formed by fermions in the fundamental and adjoint representation, as happens 
in the Ultraminimal model, scale with the Casimir operator and, at leading order, can be 
related as 



xip) 1 



(cf) 



IF 



X(pf , (19) 



where x{p) l i with i — F,G, indicates the + scalar wave function formed by TC fermions 
in the fundamental (i = F) or adjoint (i = G) representation. Eq.(19) relates the Bethe- 
Salpeter wave function for fermions in different representations of the same gauge group. 
The Bethe-Salpeter equation (BSE) in the ladder approximation for the scalar(or pseudo- 
scalar) channel is formally identical to the fermionic Schwinger-Dyson equation (DSE). In 



these equations the interaction strength is proportional to the Casimir operator (c), which 
is the only factor that is different for the fundamental and adjoint representations in these 
equations. The factor c will appear in front of the integral equation, and, considering our 
ansatz in Eq.(9), it also appear in the exponent 7(a). For both representations we will 
perform an integration (of the SDE or BSE) in the limit a — > and the result is less 
dependent numerically on the factor c in the exponent than it depends on this factor that is 
in front of the integral, i.e. as a rough approximation we can assume that for the same gauge 
group the different wave functions scale with c, in such a way that we can approximately 
obtain the fundamental wave function from the adjoint one just changing the c factors. 

We now make the strong assumption that the magnitude of the condensates (or bound 
states) generated in the Minimal (mi) and Ultraminimal (um) models at one scale Atc an d 
with fermions in the adjoint representation are the same, as long as the gauge group is the 
same (no matter we have Dirac or Weyl fermions), implying that we can expect the following 
relation for the scalar wave functions: 

X(p)um ~ X(p)mi ■ (20) 

With this and Eq.( !T9|) we may write 

X&Ui • (21) 

The Ultraminimal model has two composite scalar bosons whose masses, in principle, 
would be given by Eq.( ITTl) . one formed by TC fermions in the fundamental representation 
and the other formed by technifermions in the adjoint representation. We expect that the 
two scalar masses are not far apart, but following our previous reasoning we will not compute 
them directly, but just say that the masses generated in the Ultraminimal model can also 
be related to the one of the Minimal model. Therefore, after we consider Eq. fpZO]) and 
the normalization condition of the BSE we can estimate that the mass generated for the 
composite boson formed by TC fermions in the adjoint representation in the Ultraminimal 
model, which we denote by Mjy? 1 , is approximately the mass generated for the composite 
boson in the Minimal model 

M£7 « M™ (22) 

where is determined from Eq. (fTTj) , The mass of the composite boson formed by TC 
fermions in the fundamental representation can be obtained in an similar way. Eq. fT2~Tj) allow 
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TABLE I. Scalar composite masses, trilinear couplings and decay widths into electroweak bosons 
of the Minimal and Ultraminimal TC models. In the Ultraminimal model we show only the mass 
of the lightest Higgs (#2)- For comparison we also include the same values for an ordinary SU(2) 
walking theory with 8 Dirac fermions in the fundamental representation. The H\ boson mass is 
approximately the same one of the Minimal model. 

TC model M H (GeV) X 3H (GeV) T H ^ WW (GeV) 

Walking 142 19 

Minimal 414 16 109 

Ultraminimal (H 2 ) 250 2.4 17 



us to obtain 

« M™ , (23) 

- V G) J urn 

and in this case we indicate by Mj^ 1 the mass of the if 2 boson, which is the mass obtained by 
the lightest composite boson, which is the one that couples to the particles of the Standard 



Model. Note that a factor 



should also be introduced in the calculation of \3H 2 - 
The origin of the 4th power in this factor can be understood looking at the Appendix B of 
q|, where we have shown that \%h oc S 4 (see Eq.(B4) of that reference), resulting from the 
couplings to the Bethe-Salpeter wave function in the limit that the internal moment q — » 0, 
giving 3H x factors, remembering that x oc S, and an extra factor comes from the fermion 
mass that runs in the loop of Fig.(l) (also proportional to E), what leads to the scale factor 
{cpY lF I '(cgY'' g that we discussed above. 

Therefore, based on the fact that the scalar wave functions are proportional to the Casimir 
operators, and that fermions in the same gauge group and representation have similar con- 
densates, we were able to relate the Minimal model and the Ultraminimal model and obtain 
information on their scalar masses. 

Equation (121 j) also leads to a simple determination of the decay width of H 2 into elec- 
troweak gauge bosons in the case of the Ultraminimal TC model. The decay width of the 
scalar boson into electroweak gauge bosons comes from a loop coupling the composite scalar 
boson to two gauge bosons, but more precisely to the two scalar wave functions of the 
(Goldstone) bosons absorbed by the electroweak gauge bosons. If the scalar wave functions 

11 



are related through Eq. pT]) we expect that the loop calculation only changes due to the 
different wave functions factors that enter in the loop calculation. The decay width of the 
light boson in the Ultraminimal model will be reduced by a factor proportional to a ratio of 
Casimir factors, and will be given by 

\4 7F ■ 



H^WW 



H^WW 



(cg) 



4 7g 



(24) 



To obtain the decay width for the Ultraminimal model we consider cp = 3/4, cq = 2 with 



li 



3c, 



16n 2 b um ' 



for i = F,G. The scaling factor in Ec 



24|) appears because T HWW oc g 



2 

HWW 



and g 2 HWW oc S 4 (see Eq.(6) of the first paper in Ref.j22j). The decay width will be decreased 
considerably and only the composite boson formed by non-singlet technifermions under the 
electroweak group contribute to the decay. The result of this calculation is in Table I 
(~ 17GeV). If the calculation of the H 2 decay widht were performed with Eq.( fTT|) the result 
would be slightly different (~ 24GeV), indicating that the hypothesis about the scalar wave 
functions and mass relations are quite reasonable. 

Our results for the Higgs masses are in rough agreement with previous estimates. For 
instance, Ref. 24j contains an extensive discussion about the scalar masses. Different argu- 



ments about the light scalar masses in these type of models can be found in the Section IV 
of Ref. 25| , and in the Appendix E of the second reference in 2] . Finally, a light Higgs can 



help to unitarize pi-pi scattering in these models (even though the Higgs contribution is not 
necessary) 26| . Our results for the scalar bosons masses, trilinear couplings and decay widths 
in the Minimal and Ultraminimal TC models are displayed in Table I. For comparison we 
also add the mass and coupling of an ordinary walking SU(2)tc with 8 Dirac fermions in the 
fundamental representation. The trilinear self-coupling turn out to be much smaller than 
the one that we could expect when comparing with a fundamental Standard Model scalar 
boson (where the coupling is A = 3Mjj/v). 



IV. CONCLUSIONS 

To conclude, we presented a discussion about the scalar composite masses, couplings and 
decay widths in the case of the Minimal and Ultraminimal TC models. To determine the 
mass generated for the Higgs boson in these models we consider the BSE approach developed 
in Ref. 10( so that we complement the results obtained in that work. We also estimated the 

12 



trilinear scalar self-coupling for these models following the calculation of Ref.^]. Our results 
are shown in Table I. These light scalar bosons can be produced at the LHC through the 
gluon-gluon fusion mechanism. Although the isolated scalar production may be copious due 
to the small scalar mass, the possibility to observe pair production, which has a substantial 
contribution from the trilinear coupling 17| is not so favored due to the small values of this 
coupling when compared to the one of an elementary scalar boson. 

The composite scalars, being light, can also be produced in association with a W/Z gauge 
boson and these channels can be both enhanced and feature more distinct final state distri- 
butions in walking technicolor models such as the Minimal and Ultraminimal, as compared 

n 

to the Standard Model [19[. The Ultraminimal model also includes decays into un-eaten 
Goldstone bosons leading to very interesting invisible decays [181 ] . Note that our results 
were obtained without considering the mixing of the scalars, which can, in principle, be 
computed with the help of an effective potential for composite operators, and this may still 
be complicated by the mixing with scalars formed by technigluons, which is a problem far 
from being solved even in the QCD case. 

The Minimal and Ultraminimal scalar masses are not so different. This is not surprising 
because both models are based in the SU(2) gauge group and most of the TC chiral symme- 
try breaking is triggered by adjoint technifermions, and the Ultraminimal model contains an 
extra contribution coming from TC fermions in the fundamental representation. The Higgs 
boson formed by TC fermions in the fundamental representation is light and is the one that 
couples to the electroweak gauge bosons. The decay width into electroweak bosons in the Ul- 
traminimal model is quite different of the width obtained from the Minimal model, because 
in the Ultraminimal model the adjoint fermions are singlets under the electroweak coupling 
and only the scalar bound state that is formed with fundamental fermions contributes to 
this decay. 
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